ABSTRACT: Three eulittoral algae (Ulva lactuca, Porphyra umbilicalis, Chondrus crispus) and one sublittoral alga (Laminaria saccharina) from Helgoland (North Sea) were cultivated in a flowthrough system at different temperatures, irradiances and daylengths. In regard to temperature there was a broad optimum at 10-15 °C, except in P. umbilicalis, which grew fastest at 10 °C. A growth peak at this temperature was also found in four of 17 other North Sea macroalgae, for which the growth/temperature response was studied, whereas 13 of these species exhibited a growth optimum at 15 °C, or a broad optimum at 10-15 °C. Growth was light-saturated in U. lactuca, L. saccharina and C. crispus at photon flux densities above 70 #E m2s 1, but in P. umbilicalis above 30 pE m2s -1. Growth rate did not decrease notably in the eulittoral species after one week in relatively strong light (250 pE m-2s~), but by about 50 % in the case of the sublittoral L. saccharina, as compared with growth under weak light conditions (30 #E m2sl). In contrast, chlorophyll content decreased in the sublittoral as well as in the eulittoral species, and the greatest change in pigment content occurred in the range 30-70/zE m2s -1. Growth rate increased continuously up to photoperiods of 24 h light per day in L. saccharina and C. crispus, whereas daylength saturation occurred at photoperiods of more than 16 h light per day in U. lactuca and P. umbilicalis.
INTRODUCTION
The geographical distribution of marine macroalgae has been correlated with their temperature requirements (Setchell, 1915 (Setchell, , 1920 , and, according to the recent reviews of van den Hoek (1975 Hoek ( , 1979 , the southern limits of many algal species in the North Atlantic can be characterized by summer isotherms. However, besides short-term experiments on temperature resistance performed by Biebl (e. g. 1958 Biebl (e. g. , 1962 , not much experimental work has been done on this subject, especially not on the relationship between temperature and growth rate (see review by Gessner, 1970) . The same is true for the dependence of growth rate on other factors, such as irradiance or photoperiod (see review by Liming, 1980) , and the reason for this lack of data obviously lies in the difficulties in handling larger algae. In the present study an attempt is made to fill this gap in the cases of four widely-distributed algal species, and to find out the growth/ temperature relationship for an additional 17 species, all occurring in the North Sea and adjacent waters.
MATERIALS AND METHODS
The algae used in this study were collected in spring (March or April; for temperature experiments) or summer in the eulitt0ral or sublittoral at Helgoland, North Sea (Table 1 ). In the cases of Ulva lactuca and Porphyra umbilicalis disks of 2-5 cm in diameter were pinned at the tips of 2-cm long polyethylene rods held firmly in the holes of white ceramic desiccator plates. Fronds of Laminaria saccharina (original length: 100-150 cm, presumable age 1-2 years) were cut to 30 cm (with 3-5 cm long stipes) and a 4-mm diameter hole was punched at the middle of each, 5 cm above the meristematic transition zone between frond and stipe. For Chondrus crispus 2-cm-long apices were used. In the other 17 species investigated whole thalli (Phyllophora membranifolia), or portions of 2-cm length (Polysiphonia urceolata) or 5-cm length (all others) were used. In Delesseria sanguinea and Desmarestia aculeata growth was followed in young shoots which had developed in spring from the perennial thallus. The young shoots were left in contact with the perennial thallus in these cases. In all species 10 individuals were used for each experimental condition.
Growth was determined in terms of area, length, or cell number, as indicated in Table 1 . Area was measured using an automat area meter (LI-COR, Nebraska; type LI- Arnon (1949) and chlorophyll c according to Wasley et al. (1970) . Each chlorophyll value is based on the determination of 10 disks (15 mm of diameter) cut from the experimental individuals. The algae were cultivated for one week in Plexiglas-covered polyester tanks (60 1 volume; 10 cm deep, 150 × 50 cm) containing enriched seawater (PES; according to Provasoli, 1968 ; however, only 1/~ of the concentration as indicated in the original recipe). The 1/3 PES, which was prepared automatically by pumping the enrichment into filtered seawater (Seitz asbestos filter K 5, combined with Millipore membrane filters, 0.45 #m) was automatically distributed into each of 6 culture tanks at the rate of 1 1 h -1 corresponding to a turnover rate of 2.5 days. The culture tanks were aerated, and rotary pumps (Eheim, West Germany; type 1036) facilitated continuous water agitation in order to keep the algae in suspension as well as to allow mixing and gas exchange. Within the tanks the experimental individuals were held flat on plastic screens by 3-ram-wide polyethylene rods to insure that the flat thalli were horizontally exposed to the incident light. The algae were pretreated in the experimental conditions for approximately 24 h.
The tanks were illuminated from above by means of cool white fluorescent lamps (Osram 65 W/19). In the temperature and irradiance experiments a 16:8 LD regime was used. Daylength experiments were run at a temperature of 10 °C. Photon flux densities were measured by means of a quantameter (LI-COR, Nebraska) and were adjusted to the desired levels by grey Plexiglas filters (R6hm and Haass, No. 800). For rough conversion of light-measuring units the following relation may be used for the lamps employed (Ltining, 1980) : 5/~E m-2s -1 ~ 1 W m -2 ~ 250 lux.
RESULTS

Effects of temperature
On the basis of their growth vs. temperature curves, the species investigated can be subdivided basically into two groups: (a) species with a temperature optimum at 10 °C (Acrosiphonia arcta, Desmarestia aculeata, Phyllophora pseudoceranoides, Polysiphonia urceolata, Porphyra umbilicalis; In none of the species investigated did a temperature peak lower than 10 °C or higher than 15 °C occur.
Effects of irradiance
All species investigated exhibited a linear relationship between growth rate and irradiance up to photon flux densities of 20-30 fie m-2s -1 (Fig. 7) . Saturation of growth occurred at photon flux densities above 70 ~E m-2s -1 in Ulva lactuca, Laminaria sacchan'na and Chondrus crispus, or at 30 ME m-2s -1 in Porphyra umbilicalis. At the highest photon flux density used (250/2E m-2s -1) the growth rate of Laminaria saccharina was 50 % lower than at the optimum photon flux density of 110/~ m-2s -1 (Fig.  7) . No or almost no decline of growth rate at the highest photon flux density used occurred in the other three species. decreased after cultivation for one week at photon flux densities higher than 30 ~E m-2s -1 (Fig. 8) . After one week at 250 p~E cm-2s -1 the chlorophyll a content of the experimental algae had been reduced to 64 % {Laminaria saccharina), 54 % (Porphyra umbilicalis) and 43 % (Ulva lactuca) of the values obtained, again after one week, at the lowest photon flux density (30 p~E m-2s-1). Chlorophyll c (L. saccharina) was reduced to 44 %, and chlorophyll b (U. lactuca) to 51% under the same conditions. In continuous darkness a slight decrease in chlorophyll a concentration was noticed after one week in L. saccharina and U. lactuca, whereas P. urnbilicalis exhibited a slight increase (Fig. 8) . In contrast to the other two species, U. lactuca showed decreased chlorophyll levels under all experimental conditions after one week's cultivation.
Effects of daylength
As can be seen from Chlorophyll concentrations did not appear to be materially affected by daylength and remained at +/--20 % compared with the chlorophyll content at the start of the experiment (Chrondrus crlspus was not investigated for pigments). 
DISCUSSION
The temperature responses of the 21 species investigated reflect in part their latitudinal distribution. Of the species exhibiting a growth optimum at 10 °C (Fig. 1) , the southern limit of common occurrence along European coasts is NW Brittany in the cases of Desmarestia aculeata (van den Hoek & Donze, 1967) , Acrosiphonia arcta (Kornmann, 1962) and Phfllophora pseudoceranoides (Newroth, 1971) . In contrast, the majority of the species exhibiting a broad optimum from 10-15 °C (Figs 2-6 Of the species studied more in detail, Chondrus crispus and Ulva lactuca Neish & Fox (1971) and for both species by Enright (1979) , although the latter author found the temperature optimum for growth of Canadian Ulva lactuca at 20 °C. The possible existence of thermal ecotypes cannot be ruled out especially in species which are regarded as cosmopolitan, and this problem deserves further experimental approaches. The Japanese species Ulva pertusa has its temperature optimum for growth at 20-25 °C (Ohno, 1977) . One also has to take into consideration that an alga might exhibit seasonal changes in requirement and tolerance of temperature, as is known for temperature resistance in higher plants (Larcher, 1975; Bannister, 1976) . This possibility should be investigated e. g. in Porphyra umbilicalis which occurs all year round at Helgoland and which in the present study exhibited a growth optimum at 10 °C for plants collected in spring (Fig. 1) .
As in most of the species investigated in this study, the fronds of Laminaria saccharina grew fastest again at 10-15 °C, but growth rate at 20 °C declined to about Fig. 6 . Sublittoral red algae: growth vs. temperature plot 50 % of the value recorded at 15 °C, and 25 °C was lethal. The gametophytes of this species also have a broad temperature optimum for vegetative growth, ranging in this case from 10-20 °C (Lfining, 1980}. In European Laminaria saccharina the fact has been established that genetically differentiated formae with different blade morphology and tolerance towards high temperatures exist (Lfining, 1975; Lfining et al., 1978} , and one may expect that the bullate Atlantic forma would not grow as well at 20 °C, as is evident in the case of the smooth forma from Helgoland (Fig. 4) .
The light levels at which vegetative growth of adult thalli of macroscopic marine algae becomes saturated can be characterized in the following way (Lfining, 1980}. In the eulittoral Fucales, which may be compared with higher "sun" plants, this light level occurs at 150-250 pE m-2s -~. In the more bulky species of the upper sublittoral lightsaturation of growth occurs at 30-100, and in deep-water red algae at 10/~v. m-2s -1, The results obtained in the present study for Chondrus crispus from the lower eulittoral {also occurring in the upper sublittoral} and for Laminaria saccharina (upper sublittoral) fit into this scheme, since saturation of growth was found in both species above 70/~E m-2s -1 (Fig. 7) . The sheet-like eulittoral species Ulva tactuca or Porphyra umbilicalis (growth saturation above 70 or 30/zE m-2s -1, respectively) obviously cannot be compared with the eulittoral fucalian "sun" plants, since the latter require considerably higher irradiances for growth saturation. This difference may partly reflect the differences in thallus thickness. When the flat thalli of Fucus spp. are irradiated only from one side, as during the growth experiments and as also may apply partly to the field conditions, the photosynthetic layer of the opposite, superficial photosynthetic layer can hardly contribute much to the overall photosynthetic rate due to low light transmission by the thick thallus so that the thick alga is "running at half power" under this condition. This is obviously in contrast to the situation in algae one or two ceil layers thick, like Ulva spp. or Porphyra spp.
As can be seen from Table 2 , light-saturation of growth occurs at considerably lower irradiances than light-saturation of photosynthesis as determined by by short-term measurements. This was emphasized by McLachlan (1974) tichus, in which he found that the growth of embryos was light-saturated at 150 ~ m-2s -t (30 Wm-2), i.e. at levels 3--4 times lower than required for short-time saturation of photosynthetic rate in Pucus spp. More such examples which are available from the recent literature (for references see Lfining, 1980) indicate that processes besides photosynthesis may limit growth. In this context it appears dangerous to extrapolate optimum irradiances for growth from short-term measurements of photosynthesis.
Only the sublittoral Laminaria saccharina showed a significant decrease of growth rate at the highest photon flux density employed (250/~E m-2s -1, equivalent to 50 W m-2), whereas the other three species investigated, all from the eulittoral, were hardly inhibited by this photon flux density (Fig. 7) . According to Biebl (1956) , eulittoral algae, such as Ulva spp. and Porphyra spp., do not exhibit cytomorphological damage even if exposed to sunlight at an illuminance of 100 000 lux (400 W m-2), although exposure time was only 1-2 h in the experiments of the author cited. For the sublittoral Laminaria hyperborea, Drew (1974) found that the photosynthetic rate was reduced to about 50 % when the alga was brought near to the sea surface for 5 h at 250-300 W -2. The result obtained in the present study in artificial light for the growth rate of L. saccharina shows that during a tong-term exposure irradiances 5 times lower may suppress growth rate significantly.
Chlorophyll content decreased at higher irradiances not only in the sublittoral L.
saccharina, but also in the eulittoral Ulva lactuca and Porphyra umbilicalis. Reduction of pigment in strong light is a general phenomenon in higher plants (Egle, 1960; BjSrkman, 1973) , as well as in phytoplankton (Harris, 1978) , and a recent demonstration of this effect in various seaweeds has been achieved in field experiments by Ramus et al. (1976a, b) . According to Harris (1978) , in algae the greatest changes in the cellular content of chlorophyll occur in the range 50-100 ~E m-2s -I (equivalent to about 2500-5000 lux in daylight or white fluorescent light). This range is also evident from the reactions of the presently investigated macroalgae, which exhibited the greatest decrease in chlorophyll a content at 30-70 ~E m-2s -I (Fig. 8) . The finding that this decrease was smallest in the relatively thick Laminaria saccharina may again be connected to the fact that the chloroplasts of the lower side of the plant, which was not exposed to the incident light, were protected from the light to a certain degree by the upper meristoderm and by the internal cell layers (which also contain chloroplasts, although only in small quantities), whereas in Ulva lactuca and Porphyra umbilicalisthe majority of the chloroplasts were fully exposed to the incident light. The ratios of chlorophyll b/a (Ulva lactuca: 0.6-0.7) or c/a (Laminaria saccharina: 0.2-0.3) did not change significantly at the highest and lowest photon flux density of white fluorescent light used. This result is in accordance with the findings of Ramus et al. (1976b) , who also did not detect remarkable changes in the ratio of the accessory pigments to chlorophyll a, when algae from sun and shade habitats within the intertidal zone were compared. However, this ratio increased with water depth, when algae were exposed at different levels in the sea (Ramus et al., 1976a, b; Ramus, 1978) .
Continuous light provided best growth in Chondrus crispus as well as in Laminaria saccharina (Fig. 9) , and this has also been found to be the case in Canadian C. crispus (Neish & Fox, 1971) , Codium fragile from Rhode Island (Hanisak, 1979) , and in Ascophyllum nodosum and Fucus serratus from Norway (StrSmgren, 1978) . However, for several other algae daylength saturation is known to occur, as was the case in Ulva lactuca and Porphyra umbilicalis for which the growth rate did not increase at daylengths longer than 16 h light per day. Daylength saturation takes place in Pelvetia canaliculata and F. spiralis at daylengths longer than 18 h (StrSmgren, 1978) , and in the green algae Mougeotia sp. (Neuscheler-Wirth, 1970) or Acetabularia crenulata (Terborgh & Thimann, 1964) at daylengths exceeding 12 h light per day, provided that the algae are irradiated with growth-saturating irradiances. The reasons for the differential growth behaviour of the species towards daylength are unknown. It may be expected that, as in unicellular algae (Sournia, 1974; Harris, 1978; Nelson & Brand, 1979) , the role of the light-dark cycle in regulation and synchronization of cell division and of various other processes connected with growth, as well as interference of photoperiod with diel periodicity might be decisive. Among seaweeds circadian rhythms have recently been demonstrated to occur in Ulva lactuca in regard to chloroplast orientation .
